Self-assembling protein surface (S-) layers are common cell envelope structures of prokaryotes and have critical roles from structural maintenance to virulence. S-layers of Grampositive bacteria are often attached through the interaction of S-layer homology (SLH) domain trimers with peptidoglycan-linked secondary cell wall polymers (SCWPs). Here we present an in-depth characterization of this interaction, with co-crystal structures of the three consecutive SLH domains from the Paenibacillus alvei S-layer protein SpaA with defined SCWP ligands. The most highly conserved SLH domain residue SLH-Gly29 is shown to enable a peptide backbone flip essential for SCWP binding in both biophysical and cellular experiments. Furthermore, we find that a significant domain movement mediates binding by two different sites in the SLH domain trimer, which may allow anchoring readjustment to relieve S-layer strain caused by cell growth and division.
P rokaryotic cell envelopes often include proteinaceous surface (S-) layers composed of self-assembling subunits in porous two-dimensional crystalline lattices [1] [2] [3] [4] [5] [6] [7] . S-layers can have a variety of critical functions including structural maintenance, environmental protection, adhesion, filtering, and virulence [8] [9] [10] [11] [12] [13] [14] . These characteristics make S-layers attractive targets for new antibiotics and provide biotechnological potential for the display of functional epitopes with precise geometries in vaccine design, drug delivery, molecular electronics, and filtration [15] [16] [17] [18] [19] [20] [21] [22] [23] . Understanding their three-dimensional structure is key to exploiting the therapeutic or biotechnological potential of Slayers.
The maintenance of S-layers in biological contexts depends on stable and flexible attachment to constantly changing cell surfaces. S-layers have evolved covalent and non-covalent anchor mechanisms to a variety of cell wall components, including the archaeal plasma membrane 22, 24, 25 , the peptidoglycan (PG) layer of Gram-positive bacteria 9, 22, 26, 27 , and the lipopolysaccharide of Gram-negative bacteria [28] [29] [30] .
S-layer anchoring is best characterized for Gram-positive bacteria, where S-layer proteins non-covalently attach to the PG layer via species-and strain-specific non-classical secondary cell wall polymers (SCWPs) 26 . Non-classical SCWPs are neutral or anionic polysaccharides not classifiable as teichoic or teichuronic acids (classical SCWPs), and are covalently linked to muramic acid residues of PG, at least in some cases through phosphodiester bonds. SCWP structures have been reviewed in detail elsewhere 8 .
The most common, but not exclusive, means of SCWP binding is through S-layer homology (SLH) domains, which are often present in triplicate at the termini of S-layer and other extracellular proteins 4, 22, [30] [31] [32] [33] . Within the conserved protein domain family SLH (pfam00395) 34 , there are 14,079 sequences identified as SLH domains across 651 bacterial species, widely in the phyla Firmicutes (378 species), Cyanobacteria (100 species), Proteobacteria (41 species), and Actinobacteria (33 species), among others, suggesting the early evolution of the SLH-SCWP interaction for anchoring proteins to the surfaces of bacteria 35 .
The interaction of SLH domains with several SCWPs depends on a common ketal-pyruvate modification of SCWPs that imparts a negative charge [35] [36] [37] . SLH domains contain a highly conserved TRAE motif (SLH domain residues 42-45, Fig. 1 ) where the arginine residue has been shown to be critical to PG binding 27, 31, 38 , suggesting that it interacts with the negatively charged pyruvate moiety of these SCWPs.
The crystal structure of the SLH domain trimer from the B. anthracis S-layer protein Sap revealed the three domains arranged in approximate threefold symmetry, where each SLH domain contributes one helix to a parallel three-helix bundle core and a second helix rotated~90°from the core to form three lobes 39 . The conserved TRAE motifs are located at the N-termini of the core helices adjacent to three grooves, suggesting that these grooves are the sites for SCWP binding. The structure of B. anthracis SCWP was elucidated subsequently 40 , and a crystal structure of the SLH domains of Sap in complex with a synthetic trisaccharide approximating the terminal repeat of B. anthracis SCWP was also recently reported 41 . This structure revealed ligand bound in only one of the three grooves and confirmed that SLH-Arg43 of the conserved TRAE motif interacts with the pyruvate moiety of SCWP. However, questions remain as to the functionality of the remaining two grooves and the roles of additional conserved residues.
To investigate the molecular details of SCWP binding by SLH domains in depth, we selected the Paenibacillus alvei CCM 2015 T S-layer protein SpaA for structural studies. SpaA possesses three consecutive SLH domains near its N-terminus, followed by a large C-terminal region presumed to harbor the self-assembling domain(s) 5, 27, 42 . The SCWP from P. alvei CCM 2051 T has been fully defined ( Fig. 2) 8, 37, 43, 44 , which enables an investigation of the precise interactions between SLH domains and SCWP.
SpaA possesses the conserved TRAE motif in its first SLH domain (SLH1) and variants of this motif, TVEE in its second (SLH2), and TRAQ in its third (SLH3) ( Fig. 1) . These motifs were shown to contribute unequally to SCWP binding, where their mutation to TAAA resulted in 37%, 88%, and 50% of wild-type (wt) cell wall binding in pelleting assays, respectively 27, 45 . These variations of the conserved TRAE motif make SpaA an excellent model to investigate its role in SCWP binding. Similar inequality within SLH domain repeats has been observed in S-layer proteins from other organisms 46, 47 , but there is no obvious relationship between primary sequence and SCWP-binding stoichiometry or affinity and a structural foundation is necessary to shed light on evolved differences in SCWP-binding mechanisms.
Here we report crystal structures of the SLH domains of SpaA, unliganded and in complex with synthesized monosaccharide and disaccharide building blocks of P. alvei CCM 2051 T SCWP. These structures reveal the contributions of many conserved residues to SCWP binding, notably including the most highly conserved residue SLH-Gly29, which is confirmed by additional co-crystal structures, thermodynamic binding analysis, and microbiological functional assays for SLH-Gly29Ala mutants. Together, these data provide novel molecular insights into this biologically important interaction.
Results
SpaA SLH structure and SCWP binding. The crystal structure of SpaA SLH reveals an overall fold similar to the three-pronged spindle SpaA_19-81   1  2  3  4  7  8   4   3  BITS  2   1   9  10  11  12  13  14  15  16  17  18  19  20  23  24  25  26  27  28  29  32  33  34  35  36  37  38  39  42  43  44  45  46  47  48  49  50  51  52  54  55  56  57  58  59  60  61  62  63  64  53  40  41  30  31  21 22 5 [2] [3] [4] , which represents the pyruvylated moiety of P. alvei SCWP (Fig. 2) , and co-crystallized it with SpaA SLH . The first cocrystal structure determined reveals ligand bound in G2 only, in a narrow pocket formed by conserved residues from all three SLH domains: Arg61 (corresponding to the conserved SLH-Arg43 of the TRAE motif, Fig. 1 ) from SLH1; Met107, Gln108, Gly109 (corresponding to the conserved SLH-Gly29), Lys110, Glu127, and Lys130 from SLH2; and Trp151 (corresponding to the conserved SLH-Trp13) from SLH3 ( Figs. 1 and 3 ). The pyruvate moiety of the ligand is bound deep in the pocket through salt bridge interactions to Arg61 and Lys130 and hydrogen bonds to Gln108 and Gly109 backbone amides, while the hydrophobic face of the ManNAc ring stacks against Trp151.
In the initial liganded and unliganded structures, multiple conformations were observed for residues 44-54 that form the connecting loop between the two helices of SLH1 beside G1 ( Supplementary Fig. 5 ). The loop makes unique crystal contacts in each case and has mean B-factors elevated between 4 and 49% of the molecule mean. We investigated the effect of this flexibility on potential ligand binding in G1 by solving additional co-crystal structures in different space groups (P1 and C2, Supplementary  Table 1) , where further unique conformations of residues 44-54 were observed. Ligand binding in G2 is the same in all cases except for the C2 structure (PDB 6CWI), which shows a sulfate ion coordinated to Lys130 and ligand in G2. Only the C2 structure displays electron density corresponding to a partially occupied site in the G1 pocket of molecule A (out of two molecules A and B in the asymmetric unit [AU]), with G1 of molecule B occluded by molecule A ( Supplementary Fig. 6 ). Nevertheless, this weakly bound 4,6-Pyr-β-D-ManNAcOMe in G1 displays similar interactions as the ligand bound in G2 (Fig. 3 ). The pyruvate moiety is coordinated by a salt bridge from Arg177 and forms hydrogen bonds to Ser45 N and Gly46 N, which are equivalent to residues Arg61, Gln108, and Gly109 in G2. In this case, no stacking interactions are made from Trp93 (equivalent to Trp151 in G2).
To further investigate the activity of these two potential binding sites, we performed isothermal titration calorimetry (ITC) analysis of SpaA SLH binding to 4,6-Pyr-β-D-ManNAcOMe in solution, which revealed 1:1 binding with an apparent dissociation constant (K D ) of 29 nM (Table 1 and Supplementary  Fig. 7 ). This 1:1 binding in solution likely occurs in G2, because this site is occupied in all five crystallographically unique molecules and has better complementarity with ligand than does G1, which was only occupied in one of five molecules. Therefore, the monosaccharide binding observed in G1 is likely to be an artifact of crystallization that does not occur in solution.
SpaA binds a terminal non-reducing end epitope of SCWP. To further refine the identity of the SCWP epitope bound by SpaA SLH , we synthesized the disaccharide β-D-GlcNAc-(1 → 3)-4,6-Pyr-β-D-ManNAcOMe for co-crystallization and binding analysis (Fig. 2 ). This disaccharide represents an internal repeat of P. alvei SCWP as opposed to the terminal non-reducing end disaccharide Pyr-β-D-ManNAcOMe-(1 → 4)-β-D-GlcNAc, with the former being more tractable to synthesis. The internal disaccharide showed no binding to SpaA SLH by ITC ( Supplementary  Fig. 7 ), which suggests that SpaA SLH is specific for an epitope including the terminal non-reducing end 4,6-Pyr-β-D-ManNAc residue of SCWP rather than an internal epitope.
Despite the lack of binding measured by ITC, a co-crystal structure with the internal disaccharide was obtained, again indicating that binding is enhanced significantly in the crystalline environment compared to in solution. In both molecules in the AU of this structure, the 4,6-Pyr-β-D-ManNAcOMe moiety of the disaccharide is bound in the G2 pocket in a manner similar to the monosaccharide ligand ( Supplementary Fig. 8 ). The two molecules display fragmented electron density for the GlcNAc moiety in two different conformations, neither of which form hydrogen bonds to the protein ( Supplementary Fig. 6 ). Furthermore, SpaA SLH residues 139-152 are disordered in one of two molecules in the AU, whereas they are ordered in all other structures of SpaA SLH . This region includes Trp151 (the conserved SLH-Trp13), which normally stacks against the 4,6-Pyr-β-D-ManNAcOMe moiety. In the molecule where this loop is disordered, the GlcNAc moiety of the disaccharide occupies the expected location of Trp151, thus suggesting that this region becomes disordered to avoid a clash with the disaccharide ligand.
SLH-Gly29 enables a backbone flip required for SCWP binding. In addition to the TRAE motif, SLH domains contain a highly conserved GIIxG motif (residues 25-29, Fig. 1 ), where the second glycine (SLH-Gly29) is the most conserved residue of the SLH domain profile 31, 48 . SpaA possesses variants of this motif, with GVFSG, GLMQG, and GLFSK present in SLH1-SLH3. These motifs are located in loops between the two helices of each SLH domain that line one side of each groove ( Figs. 1 and 3 ). The first G of each motif is within a turn exiting α1 and transitioning into this loop, and the hydrophobic residues VF, LM, and LF are oriented toward the hydrophobic core of each SLH domain lobe. In both G1 and G2, the non-conserved SLH-28 residue is observed to make a hydrogen bond from its backbone carbonyl to the side chain of the conserved SLH-Arg43 of the TRAE motif.
A remarkable series of structural transformations involving SLH-28 and SLH-Gly29 is observed with SCWP binding. Upon binding in G2 of wt SpaA SLH , the phi angle of Gly109 (SLH-Gly29) and the psi angle of Gln108 (SLH-28) each flip by~180°( Fig. 4 and Supplementary Table 2 ). The backbone carbonyl of Gln108, which hydrogen bonds to Arg61 (the conserved SLH-Arg43) when unliganded, is resultantly replaced in space by the Gly109 backbone amide nitrogen, which forms a hydrogen bond to a pyruvyl carboxyl of ligand. Concurrently, the removal of the hydrogen bond between Gln108 and Arg61 allows Arg61 to make a bidentate interaction with a pyruvyl carboxyl and O6 of ligand.
The hydrogen bond between the SLH-28 backbone carbonyl and SLH-Arg43 in the unliganded state may support the proper folding of the SLH domain trimer, as these residues precisely interlock between neighboring SLH domains ( Fig. 3 ). This is consistent with our finding that the TRAE motif is important for the overall folding of the SLH domain trimer, as attempts to express SpaA SLH /TAAA/ TAAA double mutants resulted in insoluble inclusion bodies (see Supplementary Note 1). However, the presence of this stabilizing hydrogen bond between the SLH-28 backbone carbonyl and SLH-Arg43 would prevent SLH-Arg43 from making an ideal bidentate interaction with ligand, and ligand would be further deprived of the hydrogen bond from the backbone amide of SLH-Gly29. The backbone flip requires the flexibility of SLH-Gly29 in this location as the resulting phi-psi angles are disallowed for all other amino acids. Therefore, the near universal conservation of SLH-Gly29 suggests that this backbone flip is part of a conserved mechanism for SLH-SCWP binding.
To test our hypothesis that any other amino acid would prevent the backbone flip and impede binding, a SpaA SLH /G109A mutant was constructed for analyses. ITC revealed 1:1 binding to monosaccharide 4,6-Pyr-β-D-ManNAcOMe with 226 nM affinity, nearly an order of magnitude lower than the 26 nM binding observed for wt SpaA SLH ( Table 1 and Supplementary Fig. 7) .
To confirm the structural basis for this reduced affinity, we determined the crystal structure of SpaA SLH /G109A alone and in complex with 4,6-Pyr-β-D-ManNAcOMe. Unliganded SpaA SLH / G109A is similar in structure to wt SpaA SLH (Cα rmsd of 0.34 Å, excluding residues 44-54), and the Gly109Ala mutation is accommodated with no change in the position of Gln108 or Ala109 backbone atoms compared to Gln108 and Gly109 in the wt structure, but with a minor shift of residues 111-114. When SpaA SLH /G109A crystals were soaked with 4,6-Pyr-β-D-ManNA-cOMe, no electron density for ligand was observed in the resulting structures. We then co-crystallized SpaA SLH /G109A with ligand but attempts to solve the structure by molecular replacement using wt SpaA SLH structures were unsuccessful. Instead, we solved the structure using SAD phasing from a KI-soaked co-crystal.
The resulting structure of SpaA SLH /G109A in complex with 4,6-Pyr-β-D-ManNAcOMe reveals a stunning structural change. While no electron density for ligand is observed in the G2 pocket, indicating that the Gly109Ala mutation inactivates binding as hypothesized, the protein is observed to alter significantly its conformation to utilize the G1 pocket instead, where excellent electron density for ligand is observed (Figs. 4 and 5, and Supplementary Fig. 6 ). The conformational change involves the movement of SLH2 away from SLH3 toward SLH1, resulting in a widening of G2 from 8.1 to 11.9 Å (measured between Trp151 Cη2 and Ala109 O) and a narrowing of G1 from 8.9 to 7.6 Å (between Trp93 Cη2 and Gly46 O). The overall Cα rmsd between liganded and unliganded SpaA SLH /G109A is 1.73 Å (1.52 Å when excluding residues [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] , and when the SLH3 domain helices are aligned there is an 8.5 Å maximum displacement of SLH2 Cα atoms (measured for Lys91; Fig. 5 ). This significant structural change explains the failure to observe ligand soaked into crystals of unliganded SpaA SLH /G109A, because the structural change required for binding would not be possible in the crystal context, and also explains the initial failure to solve the complex structure by molecular replacement due to the significant difference between the search model and target structure. Ligand binding in G1 of SpaA SLH /G109A occurs with the SLH-28 and SLH-Gly29 backbone flip observed through residues Ser45 and Gly46 (Figs. 4 and 5, and Supplementary Table 2 ), again suggesting that the conservation of SLH-Gly29 is for its role in this binding mechanism.
To demonstrate conclusively the significance of the conserved SLH-Gly29 and the backbone flip for SCWP binding, we created a double mutant SpaA SLH /G46A/G109A for binding and structural analysis. As expected, this mutant displays no detectable binding to 4,6-Pyr-β-D-ManNAcOMe by ITC (Table 1 and Supplementary Fig. 7 ). The crystal structure of SpaA SLH /G46A/G109A Fig. 3 , with SLH-28 and SLH-29 in green to highlight the backbone flip. WT wild-type SpaA SLH , M monosaccharide ligand, G109A SpaA SLH /G109A single mutant, G46A/G109A SpaA SLH /G46A/G109A double mutant. Monosaccharide ligand and corresponding electron density are shown for structures where density was observed, and binding stoichiometry and K D as determined by ITC are given NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05471-3 displays the same groove conformations as wt SpaA SLH and unliganded SpaA SLH /G109A, with G2 narrower than G1 (Fig. 5b) . Residues 46-55 in G1 are in a similar conformation as in the unliganded SpaA SLH /G109A structure, but with a slight widening of the loop to accommodate the Gly46Ala mutation. Despite the lack of binding detected by ITC, ligand is again observed bound in the G2 pocket, albeit with Gln108 and Ala109 in the unliganded backbone conformation (i.e., not flipped) (Fig. 5d ). The monosaccharide is bound with the same interactions as observed for wt SpaA SLH , except that there is no hydrogen bond between the pyruvyl carboxyl oxygen and Gly109 nitrogen, but instead there is a minor movement of ligand away from the Gln108 carbonyl that results in a less ideal bidentate interaction with Arg61. The observation of bound ligand in the crystal structure despite no binding being detected by ITC, similar to the observation of 2:1 binding in the wt SpaA SLH crystal structure despite 1:1 binding measured by ITC, indicates again that affinity is markedly increased in the crystal context. SLH-Gly29 is required for cellular S-layer anchoring. To corroborate the structural and biophysical evidence for the importance of the SLH-Gly29 backbone flip to SCWP binding, we investigated the phenotypic effects of SLH-Gly29 mutation in live cells. Unfortunately, cellular experiments with SpaA are impossible because genetic manipulation of the spaA gene in P. alvei results in a lethal phenotype. Instead, we probed a different cell surface protein, SlhA, which also possesses three SLH domains with variations of the conserved TRAE and GIIxG motifs (Fig. 1) . It was shown previously that deletion of the P. alvei slhA gene produces changes of the colony morphology, impedes biofilm formation, and results in loss of swarming motility of P. alvei cells 49 . Swarming is a known mechanism for the migration of cells or cell clusters on semi-solid surfaces produced by the movement of flagella 50 .
SlhA possesses the conserved SLH-Gly29 of the SLH domain profile (Fig. 1) in domains SLH2 and SLH3, but not SLH1, and possesses the conserved SLH-Arg43 of the TRAE motif and SLH-Trp13 (or Tyr) in all three domains. Presuming the same arrangement of these conserved residues in three binding grooves as observed for SpaA and Sap (Fig. 3) , it is likely that SlhA possesses two functional SCWP binding sites in G2 and G3. Therefore, we created a double mutant of SlhA with both Gly1224 and Gly1293 mutated to alanine (corresponding to SLH-Gly29 in SLH2 and SLH3) for cellular testing.
To assess the phenotypic effect of SLH-Gly29 mutation in SlhA, we used a P. alvei ΔslhA knockout strain, which shows loss of swarming motility on semi-solid agar plates compared to wt P. alvei (Fig. 6) , and transformed it with plasmids encoding wt SlhA or the SlhA/G1224A/G1293A double mutant. Transformation with plasmid encoding SlhA/G1224A/G1293A resulted in a similar phenotype as transformation with an empty plasmid or as the knockout strain, indicating the loss of swarming motility. Transformation with plasmid encoding wt SlhA restored swarming motility in P. alvei ΔslhA, as demonstrated previously by Janesch et al. 49 . These results suggest that P. alvei loses the ability to swarm because SlhA/G1224A/G1293A is unable to attach to the cell surface as a consequence of the mutation of the conserved SLH-Gly29 residues to alanines, and thus confirm the biological importance of the SLH-Gly29 backbone flip to SCWP binding.
Structural basis for inequality within SpaA SLH domains.
Previous mutagenesis studies on full-length P. alvei CCM 2051 T SpaA have shown that mutations of the TRAE, TVEE, and TRAQ motifs to TAAA have unequal impacts, where they result in 37%, 88%, and 50% of wt binding to cell wall sacculli, respectively 27 . This inequality of tandem SLH domains in cell wall binding can now be correlated to the complex structures reported here. The TRAE motif of SLH1 contains Arg61, which forms direct contacts with the pyruvate moiety of 4,6-Pyr-β-D-ManNAcOMe in the primary binding pocket in G2 (Fig. 3) . Glu63 contributes to the secondary binding pocket in G1 and interacts with Arg177 but not with bound ligand (Figs. 3 and 5 ). The TRAE/TAAA mutation therefore affects both the G1 and G2 sites, consistent with the lowest binding observed when these residues were mutated (37% of wt) 27 .
The TVEE motif of SLH2 lacks the conserved SLH-Arg43, and instead presents Val125 to the non-functional site in G3. Glu127 interacts with Arg61 in the primary binding pocket of G2, but, as observed for Glu63 of the TRAE motif, does not interact with bound ligand (Fig. 3) . Given the minor decrease in SCWP binding upon mutation of TVEE to TAAA (88% of wt) 27 , a structural role of Glu127 in the G2 pocket is not critical to binding.
The TRAQ motif of SLH3 contains Arg177, which forms direct contacts with the pyruvate moiety of 4,6-Pyr-β-D-ManNAcOMe in the secondary binding site in G1 (Figs. 2 and 3 ). Gln179 of the TRAQ motif lies in the non-functional site in G3. The contribution of the TRAQ motif to only the secondary binding site in G1 explains the lesser impact of the TRAQ/TAAA mutation (50% of wt) than the TRAE/TAAA mutation (37% of wt) 27 . Supplementary Fig. 9 ). Ligand is rotated by~20°away from SLH-Arg43 in Sap SLH compared to SpaA SLH so that Trp164 stacks against the 1 → 4 glycosidic linkage.
Comparison of SpaA
Sychantha et al. report that the pyruvyl carboxyl groups of ligand form hydrogen bonds with both the backbone amide and carbonyl oxygen of Lys117 (corresponding to SLH-28). This backbone orientation suggests that the Gly118 (corresponding to SLH-Gly29) backbone amide does not hydrogen bond to ligand and that the backbone flip does not occur with binding in this groove. However, inspection of the associated electron density reveals that the Lys117 backbone carbonyl is modeled outside of 2Fo-Fc density, and there is Fo-Fc density that supports instead a flipped orientation of the peptide bond ( Supplementary Fig. 9 ). When flipped, Gly118 adopts backbone torsions disallowed for all other amino acids, and has its amide positioned to hydrogen bond with the pyruvyl moiety of ligand. This supports our hypothesis that the role of the conserved SLH-Gly29 is to allow this backbone orientation for ligand binding. Unfortunately, the structure of unliganded Sap SLH 39 displays ambiguous electron density for this region, so it cannot be concluded that SLH-Gly29 also allows a stabilizing interaction between the SLH-28 backbone carbonyl and SLH-Arg43 in the unliganded state in this case. However, G1 of the unliganded Sap SLH structure does display well-defined electron density for this loop, and the backbone carbonyl of SLH-28 hydrogen bonds with SLH-Arg43, and SLH-Gly29 is positioned to perform a backbone flip upon ligand binding.
Although binding was observed only in G2 of the Sychantha et al. structure, both G1 and G3 contain conserved SLH-Trp13, SLH-Gly29, and SLH-Arg43 (Lys in G1) residues that were found to indicate active binding sites in SpaA SLH . Significantly, both G1 and G3 of Sap SLH are in "open" conformations, as observed for G1 of SpaA SLH , compared to the "closed" conformations observed for the ligand-bound G2 of SpaA SLH or G1 of SpaA SLH /G109A ( Supplementary Fig. 9 ). This indicates that if G1 or G3 of Sap SLH is capable of binding SCWP, it would require significant structural changes to narrow these grooves, as observed for SpaA SLH /G109A. Indeed, Sychantha et al. report that crystals would crack and dissolve when soaked with increasing ligand concentrations, which suggests that conformational changes are occurring in the protein to accommodate binding in alternate 
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(perhaps even preferred) sites. Given the complexity of SCWP binding by P. alvei SpaA SLH elucidated by our study, where binding in a secondary site in G1 was accomplished by a significant structural change after deactivating the primary binding site in G2 by SLH-Gly29Ala mutation, it is clear that further investigation is required into the potential activity and cooperativity of the multiple grooves in B. anthracis Sap SLH . Besides the SLH domain, the only other known S-layer anchoring module in Gram-positive bacteria is the cell wall binding 2 (CWB2) domain, prevalent in Clostridia 30 . The recent crystal structures of the Clostridium difficile 630 cell wall proteins Cwp6 and Cwp8 (PDBs 5J72 and 5J6Q) revealed trimeric arrangements of three tandem CWB2 domains that, like SLH domains, possess a parallel three-helix bundle core, but otherwise bear little resemblance 33 . On the sides of the inner three-helix bundle of the CWB2 trimer, there are additional sheets and helices that occupy the spaces where the SLH domain trimer has three grooves and SCWP-binding sites. The binding site for the CWB2 ligand PS-II, an anionic teichoic acid-like polymer consisting of hexa-glycosyl phosphate repeats, was hypothesized to be a shallow V-shaped groove on the surface of the trimer perpendicular to the core helix bundle that outlines the second CWB2 domain. Docking studies placed one hexa-glycosyl phosphate repeat lying in either direction in this groove, with the terminal mannose-1-P phosphate moiety placed near conserved arginine residues 33 . However, it remains possible that the CWB2 domain instead recognizes primarily the terminal mannose-1-P in a manner analogous to the recognition of the terminal pyruvylated residue of SCWP by SLH domains as seen for SpaA SLH and Sap SLH . Together, the trimeric arrangement of CWB2 and SLH domains and the use of conserved arginine residues to recognize anionic moieties of diverse cell wall polysaccharides may support a common evolutionary origin of these cell wall anchoring modules in Gram-positive bacteria.
Discussion
The crystal structures and binding analyses presented here of P. alvei SpaA SLH, SpaA SLH /G109A, and SpaA SLH /G46A/G109A with synthetic SCWP fragments provide novel insights into the functional contributions of many conserved SLH domain residues, including SLH-Trp13, SLH-Gly29, and SLH-Arg43, which precisely interlock from three different SLH domains to generate two active binding sites. These SLH domains appear to be specific for the non-reducing-end Pyr-β-D-ManNAc moiety of P. alvei SCWP, as opposed to internal occurrences of Pyr-β-D-ManNAc with β-D-GlcNAc-(1 → 3) linkages. This specificity is consistent with that of B. anthracis Sap SLH for its SCWP that is pyruvylated only on the terminal ManNAc 40, 41 , which may indicate a general trend in the recognition of terminal anionic moieties of SCWPs by SLH domains in other organisms. However, this raises further questions as to why P. alvei SCWP is pyruvylated on every repeating unit, or why some SCWP of other organisms are otherwise negatively charged on every repeating unit, rather than on only the terminal moieties utilized for anchoring.
The most highly conserved SLH domain residue SLH-Gly29 is shown to allow a backbone flip of residues SLH-28 and SLH-29 that is critical for SCWP binding in both biophysical and cellular experiments. This backbone flip appears to have evolved as an elegant dual-purpose mechanism that promotes proper folding and stability of the SLH domain trimer in the unliganded state and readjusts to achieve optimal ligand coordination in the bound state. Given the high conservation of SLH-Gly29, we envision that this mechanism applies to the recognition of pyruvylated SCWP by SLH domains in other organisms, and perhaps even other non-pyruvylated anionic SCWPs. Indeed, this backbone flip is supported by the electron density of the recently published structure of B. anthracis Sap SLH in complex with 4,6-Pyr-β-D-ManNAc-(1 → 4)-β-D-GlcNAc-(1 → 6)-α-GlcN (PDB 6BT4) 41 .
Our characterization of two functional SCWP-binding sites in SpaA SLH reveals a sequence pattern that may predict the functional-binding sites of other SLH domain trimers; a binding site in the groove beside domain SLH n is predicted by the presence of SLH-Gly29 in SLH n followed by SLH-Trp13 in SLH n+1 and SLH-Arg43 in SLH n+2 (Figs. 1 and 3) , or circular permutations thereof. Indeed, it appears that many proteins containing SLH domain trimers identified in the Pfam family SLH (PF00395) contain either two or three copies of this sequence pattern. However, it should be noted that large structural changes mediating binding between sites may conceal the activity of some sites from analysis, as demonstrated here for P. alvei SpaA SLH .
When ligand binding in SpaA SLH G2 was disrupted by the SLH-Gly29Ala mutation, we observed a significant domain movement that restructured G1 to allow binding. The 1:1 binding to 4,6-Pyr-β-D-ManNAcOMe with 29 nM K D measured for wt SpaA SLH corresponds to a primary site in G2, while the 1:1 binding with 226 nM K D measured for SpaA SLH /G109A corresponds to a secondary site in G1. SpaA SLH therefore appears to display a novel form of intramolecular negative cooperativity, where two mutually exclusive binding sites for the same ligand are modulated by a significant structural change. Although binding in G1 could only be detected when G2 was deactivated by the SLH-Gly29Ala mutation, the relationship of the two sites in a biological context may be more fluid. In the paracrystalline protein S-layer, there would be significant crowding between SLH domains of neighboring S-layer proteins and the interspersed SCWP strands, which may stabilize binding in a manner similar to the crystallization-induced binding of monosaccharide in G1 of SpaA SLH that was not detected in solution by ITC. Indeed, this crowding in the S-layer context may induce domain movement and the exchange of active binding sites, especially at locations of S-layer strain. Switchable binding between two sites may thus have biological significance in allowing relocation of binding among different SCWP strands to alleviate strain caused by Slayer restructuring during cell growth or division or could facilitate movement of SLH-anchored proteins on the cell surface. It remains possible that the switchable binding observed for SpaA SLH is an exception rather than the rule, and that the SLH domain trimer evolved instead for avid binding and has lost functionality in some cases according to the avidity required for certain SCWPs, or for the function of the particular protein being anchored. However, the crystal structure of B. anthracis Sap SLH reveals one "closed" and two "open" grooves, each possessing the conserved residues that predict active SCWP-binding sites 39, 41 , which suggests that it may utilize such a switchable binding mechanism as well.
Given the broad biological importance of S-layers in the survival and virulence of diverse microorganisms, the mechanisms by which these proteins attach to cell surfaces are potential targets for the development of novel antibiotics. This is foreshadowed by the lethality of spaA inactivation in P. alvei and by our demonstration that swarming motility is impaired by disrupting SLH domain anchoring of the S-layer protein SlhA. Our in-depth characterization of the SpaA SLH -SCWP interaction in the model organism P. alvei should serve as a benchmark for future studies wishing to elucidate or perhaps inhibit such interactions in other organisms.
Methods
Expression and purification of recombinant SpaA SLH . The SpaA SLH protein comprising amino acids 21-193, including a Ser-Gly-Ser linker preceding a Cterminal His 6 -tag, was generated by standard PCR amplification from P. alvei CCM 2051 T genomic DNA. Primers for PCR amplification are listed in Supplementary  Table 3 . The PCR product and pET22b vector were digested with NdeI and SacI and ligated. The resulting plasmid, pET22b-spaAslh, was transformed into E. coli BL21 (DE3-Star) cells (Invitrogen) and plated on LB agar plates containing 100 µg mL −1 of ampicillin. Single colonies were transferred to 5 mL of LB medium supplied with the antibiotic and grown overnight at 37°C. This culture was inoculated into four flasks containing 0.5 L of ampicillin-containing LB medium and incubated at 37°C under shaking (200 rpm). Protein overexpression was induced at an OD 600~0 .6 by the addition of IPTG at a final concentration of 0.6 mM. Cells were further incubated for 3 h, harvested by centrifugation at 6000 × g for 20 min and pellets were stored at −20°C.
Cell pellets were resuspended in lysis buffer (25 mM Tris-HCl, pH 8.0, 200 mM NaCl, 5 mM imidazole) and disrupted by sonication. The lysate was clarified by centrifugation and applied to a nickel NTA-affinity chromatography column (Qiagen) equilibrated with lysis buffer. The column was washed with ten column volumes of buffer A (25 mM Tris-HCl, pH 8.0, 20 mM imidazole), followed by ten volumes of buffer B (25 mM Tris-HCl, pH 8.0, 50 mM imidazole). His 6 -tagged SpaA SLH was eluted with 25 mM Tris-HCl, pH 8.0, 250 mM imidazole (elution buffer). Further purification of SpaA SLH was performed by size exclusion chromatography on a Superdex 75 16/60 column equilibrated with 20 mM HEPES, pH 7.5, containing 100 mM NaCl. Fractions were analyzed by SDS-PAGE (10% gel) and proteins were detected by Coomassie brilliant blue (CBB).
Site-directed mutagenesis. Sited-directed mutagenesis of residues glycine 109 and glycine 46 to alanine were performed by overlapping extension PCR to generate SpaA SLH /G109A (single mutant) and SpaA SLH /G46A/G109A (double mutant). The upstream and downstream part of the mutation site in SpaA SLH were amplified separately using as templates the purified recombinant plasmids pET22b-spaA SLH for the single mutant and pET22b-spaA SLH /G109A for the double mutant. The forward primer of the downstream part and the reverse primer of the upstream part were overlapping and included the point mutations that were introduced in both elongations. These two amplicons were mixed and amplified in a second round of PCR. Template DNA was degraded by DpnI. Nicked plasmids were transformed into E. coli DH5α. The presence of G46A and G109A mutations was confirmed by direct DNA sequencing. Expression and purification of the sinlge and double mutant proteins were performed as described for the SpaA SLH variant (see above). Primers for site-directed mutagenesis are listed in Supplementary Table 3 .
Generation of double TAAA mutants. SpaA SLH /TAAA 12 and SpaA SLH /TAAA 13 mutants were generated by standard PCR amplification with the primers Fwd-SpaA SLH -NdeI and Rev-SpaA SLH -SacI utilized to generate SpaA SLH (residues 21-93), using as template plasmid pETSMut4H (pET28a carrying His 6 -tagged spaA mutated in TRAE and TVEE motifs) for SpaA SLH /TAAA 12 and plasmid pET-Mut5H (pET28a carrying His 6 -tagged spaA mutated in TRAE and TRAQ motifs) for SpaA SLH /TAAA 13 27 . The PCR products were digested and ligated into linearized pET22b vector using the NdeI and SacI restriction enzymes. The presence of the TAAA mutations in SpaA SLH /TAAA variants was confirmed by direct DNA sequencing. Expression and purification of SpaA SLH /TAAA 12 and SpaA SLH / TAAA 13 mutants were carried out as described for the SpaA SLH variant.
Generation of mutant P. alvei CCM 2051 T strains. In a first round, the SlhA SLH protein comprising amino acids 1124-1335 (the three consecutive SLH domains of SlhA) was generated by standard PCR amplification from P. alvei CCM 2051 T genomic DNA. The PCR product was ligated into the pET22b vector using the NdeI and XhoI restriction sites. Subsequently, site-directed mutagenesis of residues glycine 1224 and glycine 1293 of protein SlhA to alanine was performed by overlapping extension PCR. The upstream and downstream part of the mutation sites were amplified separately using as templates the purified, recombinant plasmids pET22b-slhA SLH for the single mutant and pET22b-slhA SLH /G1293A for the double mutant (for more details, see section Site-directed mutagenesis). The presence of G1224 and G1293 mutations was confirmed by direct DNA sequencing. Next, a DNA fragment comprising around 400 bps, where the two glycine point mutations were included, was amplified by standard PCR using as template the purified, recombinant plasmid pET22b-slhA SLH /G1224A/G1293A. The amplification product was ligated into linearized vector pEXALV_P(SlhA)_SlhA 49 , which bears slhA native promotor, utilizing the PvuII and KpnI restriction sites. Primers for PCR amplification and site-directed mutagenesis are listed in Supplementary  Table 3 . The resulting plasmid, pEXALV_P(SlhA)_SlhA/G1224A/G1293A, was transformed into P. alvei CMM 2051 T ΔslhA cells as described by Zarschler et al. 51 . Briefly, 500 ng of plasmid DNA was added to an aliquot of electro-competent cells, then the cell suspension was transferred into a pre-cooled 1-mm electroporation cuvette. After application of the pulse, the cell suspension was diluted with 4 mL of pre-warmed casein-peptone soymeal-peptone broth, containing 250 mM sucrose, 5 mM MgCl 2 , and 5 mM MgSO 4 . Cells were incubated for 2 h at 37°C, and then platted on LB agar plates supplemented with 10 µg/mL chloramphenicol and incubated overnight at 37°C. The electroporation conditions were 200 Ω/25 µF/20 kV cm −1 .
Synthesis of SCWP ligands. Described in Supplementary Methods.
Circular dichroism spectroscopy. CD spectroscopy for folding and secondary structure analyses of SpaA SLH was performed on a Chirascan CD apparatus (Applied Photophysics, Leatherhead, UK) equipped with a thermostatic cell holder and a Peltier element for temperature control. The instrument was flushed with a nitrogen flow at a rate of 5 L min −1 and measurements were performed in the far UV region (180-260 nm) ( Supplementary Fig. 7) . The instrument parameters were as follows: path length, 1.0 mm; spectral bandwidth, 3.0 nm; step size, 1.0 nm; scan period, 10 s. Spectra were baseline-corrected to remove birefringence of the quartz cell. SpaA SLH was analyzed at a concentration of 10 µM in 20 mM KH 2 PO 4 , pH 7.0, at 20°C.
To analyze the thermal stability of SpaA SLH , single wavelength scans were performed at 208 nm using the same protein solution as above, with a scan time per point of 10 s and stepwise temperature increase rate of 1°C min −1 over an interval from 20 to 90°C ( Supplementary Fig. 7) .
Isothermal titration calorimetry. ITC was performed using a MCS titration calorimeter (Microcal, Inc., Northampton, MA). Concentrations of the monosaccharide and disaccharide ligands were determined based on dry weight and confirmed by high-performance anion exchange chromatography with pulsed electrochemical detection on a PA-1 column (Thermo Fisher) 52 . Protein concentration was determined by UV/Vis light spectroscopy using a molar extinction coefficient of 18450 M −1 cm −1 at 280 nm. To avoid sample-related artifacts, protein solutions were freshly prepared prior to each set of titration experiments by dialysis of SpaA SLH , SpaA SLH /G109A, and SpaA SLH /G46A/G109A, respectively, against 20 mM KH 2 PO 4 , pH 7.0. The buffer dialysate was used for concentration adjustments and blank titrations. ITC measurements were done at 20°C in 20 mM KH 2 PO 4 , pH 7.0. Protein, ligand, and buffer solutions were degassed prior to running the titrations. The sample cell was filled with 0.020 mM SpaA SLH solution (0.25 mL), the reference cell was filled with buffer and the injection syringe contained 20-times concentrated ligand solution. The injection sequence consisted of an initial injection of 0.5 µL of ligand solution to prevent low binding enthalpies arising from the filling of the syringe, followed by injection of 1 µL of ligand solution at 150-s intervals, each, until complete saturation of SpaA SLH -binding sites had been reached. SpaA SLH /G109A and SpaA SLH /G46A/G109A 0.020 mM solutions were titrated with a 20-times concentrated monosaccharide ligand solution, following a similar titration sequence as with wt SpaA SLH . A blank sample was run in the absence of protein to determine the heat of dilution of the ligand. Data analysis was done with Origin software (Microcal Inc.) by fitting a single-site binding isotherm. The obtained thermodynamic parameters were enthalpy of binding ΔH°, entropy of binding ΔS°, and the association constant K a . Measurements were performed at least in triplicate. Binding isotherms are shown in Supplementary Fig. 7 .
SAD phases from iodide ions and to generate initial models. Additional data sets were collected from native crystals and solved by molecular replacement with Phaser 55 using the lower-resolution KI derivative structures as search models. Data sets from SpaA SLH crystals soaked and co-crystallized with synthetic 4,6-Pyr-β-D-ManNAcOMe, from co-crystals of SpaA SLH with β-D-GlcNAc-(1 → 3)-4,6-Pyr-β-D-ManNAcOMe, from unliganded SpaA SLH /G109A, and from co-crystals of SpaA SLH /G46A/G109A with 4,6-Pyr-β-D-ManNAcOMe were solved by molecular replacement using the structure of unliganded SpaA SLH as a search model. All model building and refinement were carried out using Coot 56 and Refmac5 through the CCP4 interface 57, 58 .
Visualization and graphics. Figure 1 was produced using PROSITE sequence logo for domain profile PS51272 59 . The chemical structures in Fig. 2 were prepared using MarvinSketch (version 15.11.30.0; http://chemaxon.com). All protein structure and electron density figures were produced with UCSF Chimera. Chimera is developed by the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco (supported by NIGMS P41-GM103311) 60 .
Swarming motility assay. To investigate the role of the SLH-Gly29 residue in SLH domain-carrying proteins of Gram-positive bacteria within a biological context, an assay based on P. alvei CCM 2051 T swarming ability on agar plates was used 49 . To test the swarming motility of P. alvei ΔslhA and P. alvei ΔslhA comp strains provided with plasmid-encoded slhA and slhA/G1224A/G1293A in comparison to P. alvei wt, cells were grown overnight (OD 600~2 .0) and 5 µL of each culture were applied on 1% (semi-solid) LB agar plates. P. alvei wt and P. alvei ΔslhA cells were incubated at 37°C for 24 h, whereas complemented, pEXALV vector-based P. alvei strains were incubated at 37°C for 48 h. Images were taken using an EPSON PERFECTION V750 PRO scanner. The experiments were repeated at least in triplicates.
Data availability. The atomic coordinates and structure factors (Supplementary Table 1 ) have been deposited in the Protein Data Bank under the accession codes 6CWC, 6CWF, 6CWH, 6CWI, 6CWL, 6CWM, 6CWN, and 6CWR. The data that support the findings of this study are available from the corresponding author on request.
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